Research on the electroreduction of dioxygen is very important for their applications in fuel cells and biosensors. In past decades, numerous studies focused on the electroreduction of O2. The original studies elucidated in detail the mechanisms of O2 reduction on various carbon electrodes.
Introduction
Research on the electroreduction of dioxygen is very important for their applications in fuel cells and biosensors. In past decades, numerous studies focused on the electroreduction of O2. The original studies elucidated in detail the mechanisms of O2 reduction on various carbon electrodes. 1, 2 However, because a direct reduction of O2 requires an overpotential at most conventional electrodes, the catalytic reduction of O2 has gained considerable attention. Several metalloporphyrin complexes of cobalt, iron and manganese have been used as catalysts. [3] [4] [5] These modified electrodes have shown excellent catalytic activities towards O2 reduction for the formation of transient adducts of metal complexes with O2. Electrodes modified with viologens and quinone derivatives have also been applied for O2 reduction. [6] [7] [8] Although there have been many studies on the reduction of O2 using various modified electrodes, reports on surfactantmodified electrodes for the reduction of O2 are relatively rare. Surfactants with an amphiphilic character can change the electrical properties of the electrode/solution interface and the nature of the electrochemical process. 9 For example, Rusling 10 has successfully used surfactant microstructures to catalyze the electrochemical dehalogenation of organic halides. Kaifer and colleagues 11, 12 reported significant changes in the redox potential and peak current of methylviologen in a sodium dodecyl sulfate (SDS) micellar solution. Other often used surfactants were cetyltrimethylammonium bromide (CTAB), [13] [14] [15] Triton X-100 9 and tetradecyltrimethylammonium bromide (TDTAB). 16 Most of these reports were based on dissolving the surfactants in an electrolyte to form a micellar solution for enhancing the electrochemical responses. Few investigations have been made on their role in the surface modification of electrodes. 17 In the present work, an acetylene black electrode with a large ratio surface area modified by adsorbed cationic surfactant CTAB was developed. The influences of different types of surfactants, namely, anionic, nonionic and cationic on the reduction of O2 were investigated. It was demonstrated that cationic surfactant CTAB adsorbed on the surface of the electrode could significantly decrease the overpotential of dioxygen reduction, and the cathodic current of O2 was also remarkably increased. The reduction of O2 at CTAB-modified acetylene black electrodes was studied using various electrochemical methods, such as cyclic voltammetry, chronocoulometry and controlled potential coulometry.
Experimental
Chemicals and apparatus Acetylene black was ordinary acetylene black, and was purchased from Shanghai Reagent Corporation, China. Cetyltrimethylammonium bromide (CTAB), Triton X-100 and sodium dodecyl benzene sulfonate (SDBS) (Purchased from Shanghai Reagent Corporation, China) were dissolved in double-distilled water to prepare 1 × 10 -2 mol/L homogeneous solutions. All chemicals were of analytical reagent grade and were used without further purification. High-purity (99.999%) oxygen and nitrogen were used for aeration and deaeration of the solution.
Electrochemical measurements were performed on a CHI 660 electrochemical analyzer (Chenhua Co., Shanghai, China). Experiments were carried out within a standard three-electrode electrochemical cell including a working electrode, a Pt wire counter electrode and a saturated calomel reference electrode. The working electrode was homemade and exhibited an active geometrical area of 0.16 cm 2 (4.5 mm diameter), which was modified as mentioned below.
For determining the electrochemical characteristics of the modified electrode, 8.0 ml of phosphate buffer (pH 7.0) was placed in a cell with a capacity of 10 ml. Electrochemical measurements were carried out at a thermostated temperature of 25 ± 0.5˚C.
Scanning electron microscopy (SEM) was performed with a Hitachi X-650 microscope.
Preparation of CTAB-modified acetylene black electrode
A CTAB modified acetylene black electrode was prepared by mixing 10 mg of acetylene black and 15 µL of paraffin oil in a small mortar to form a homogeneous acetylene black mixture. The mixture was then pressed into a cavity of the electrode body. The electrode surface was manually smoothed on weighting paper and then dipped into a 1 × 10 -2 mol/L CTAB aqueous solution for 2 min. Subsequently, the electrode was taken out from the CTAB solution and the uncalled-for solution on the electrode surface was thrown off. The rest of the solvent was left to evaporate under ambient conditions. The CTABmodified acetylene black electrode was refreshed before each measurement, and all reported potentials were vs. saturated calomel electrode (SCE).
Results and Discussion

Effects of surfactants on the reduction of O2 at the acetylene black electrode
The influences of various surfactants on the reduction of O2, such as cationic CTAB, neutral Triton X-100 and anionic SDBS, were investigated. From Fig. 1 , we can see that there was a dramatic enhancement of the cathodic peak current on the surfactant-modified electrode, by companying the reductive potential, which shifted positively. Figure 2 shows scanning electron microscope images (SEM) of the acetylene black electrodes. Before being modified by a surfactant, the bare acetylene black electrode had a relatively smooth surface (Fig.  2a) . Paraffin oil adsorbed on the acetylene black particles decreased the conductivity of the electrode, resulting in a negative potential for the reduction of O2. However, when it was modified with a surfactant, the surface of the modified acetylene black electrode became rough, presenting a high ratio surface area (Fig. 2b) . The following assumption should be reasonable. When the acetylene black electrode was immersed in the surfactant solution, the paraffin oil layer on the surface of acetylene black particles may have become thinned by the dissolution of paraffin oil in the aqueous solution with the aid of surfactants, leading to an exposition of the active sits of the acetylene black particles, and an increased conductivity.
Additionally, the surfactant may have been adsorbed on the acetylene black surface, forming a special molecular layer, based on the dissolution of hydrophobic chains in paraffin oil on the surface of acetylene black particles, and the exposure of hydrophilic chains to the electrolyte. These produced plenty of active sits, resulting in an increased current and a positive potential. In other words, the surfactant-modified electrode could be regarded as a multi-pores electrode with a high ratio surface area.
It can also be seen from Fig. 1 that the reduction peak potential of O2 was different on various modified electrodes, which might be explained by "φ2 effects", i.e., the overall effect of the double layer on the kinetics. 18 In acid and neutral solutions, the rate-determining step for the reduction of O2 to H2O2 is O2 + e -→ O2 -ads.
2 Considering the "φ2 effects", the rate equation for the totally irreversible one-step is as follows: 18
By taking logarithms and rearranging, one obtains
where φ2 is the potential at the outer Helmhotz plane with respect to the bulk solution, E is the cationic peak potential, E o ′ is the formal potential, kt o is the true standard heterogeneous rate constant, C is the concentration of O2 in the electrolyte, i is the reduction current, and α is the transfer coefficient for the reduction of O2. The other symbols have their usual meanings.
Based on Eq. (2), it is reasonable to presume that if there was an anion adsorbed on the electrode surface, φ2 would have shifted negatively, resulting in the cationic peak potential (E) being shifted towards a negative value. Contrarily, the cation adsorbed on the electrode surface would cause φ2 to shift positively, resulting in E being shifted towards a positive value. The "φ2 effects" well explained why the reduction potential of O2 at the CTAB-modified electrode is more positive than that at the Triton X-100 and SDBS modified electrodes. Thus, the large ratio surface of a CTAB modified electrode together with the "φ2 effects" were thought to be responsible for the increased current and the positive shift of the potential.
Electrochemical reduction of O2 at the CTAB modified acetylene black electrode
In order to test the influence of CTAB on the reduction of O2, the cyclic voltammograms in the air-saturated and deaerated phosphate buffers were obtained, respectively (Fig. 3) . The CTAB-modified acetylene black electrode in the air-saturated buffer exhibited a remarkable cathodic peak current (curve a), but when N2 was introduced the reduction current decreased significantly (curve b). The peak potentials for the reduction of O2 on the surface of modified and bare acetylene black electrodes (inset of Fig. 3) were about -0.43 V and -1.1 V, respectively, and the bare acetylene black electrode exhibited a peak current lower than that of the modified electrode. No anodic peak was found on these electrodes, indicating that the reduction of O2 was an irreversible heterogeneous charge transfer in these systems. It also can be seen from Fig. 3 that the background current of the modified electrode is apparently high, which also indicates that the modified electrode had a much larger surface area than the bare acetylene black electrode.
The cyclic voltammetric responses of a modified acetylene black electrode at various scan rates were investigated in pH 7.0 phosphate buffer saturated with O2. The relationship between the reduction peak current (Ip) and the scan rate (v) can be described by the following equation:
These results indicate that the reduction of O2 is diffusion controlled at a sufficient overpotential.
Chronocoulometry and controlled potential coulometry
The reduction of O2 at a CTAB-modified acetylene black electrode was studied by chronocoulometry (Fig. 4) . A plot of the net charges (point-by-point subtraction of the background charge) against t 1/2 shows straight lines on the surface of modified and unmodified acetylene black electrodes (Fig. 5) . According to the integrated Cottrell equation, 19, 20 i.e., Eq. (4), the number of electrons involved in O2 reduction can be estimated from the slope of the plot of Q vs. t 1/2 , , it is calculated that n = 2.03, which indicates that the total number of electrons involved in the reduction of O2 is 2.0 and that the reduction product is H2O2. Controlled potential coulometry was also used to confirm the reduction product of O2. In the O2 saturated solution (pH 7.0), measurements at the surfaces of CTAB-modified and unmodified electrode were run, respectively, for 30 min at potentials of -0.6 V and -1.2 V. The solution would become blue as soon as KI and amylum were added, indicating that H2O2 was produced.
Kinetic studies of the electrochemical reduction of O2
According to Taylor's report, 1 the mechanism for the reduction of dioxygen in aqueous solution at pH < 10 can be described as follows:
O2 + e -→ O2 -ads (rate-determining step),
followed by O2 -ads + H2O + e -→ O2H -+ OH -.
In order to obtain kinetic parameters on the rate-determinating step, a Tafel plot was drawn from -0.25 V to -0.4 V at a scan rate of 0.01 V/s in O2-saturanted pH 7.0 phosphate buffer (Fig.  6) . Based on the Tafel equation, 21 the calculated values of the exchange current density ( j o ) and αnα for the reduction of O2 are 2.33 × 10 -7 A cm -2 and 0.38, respectively. The value of j o is consistent with the result that the reduction of O2 on the CTAB modified electrode is an irreversible electrochemical process. Because the number of electrons involving in the ratedetermining step (nα) is 1, the transfer coefficient (α) of O2 reduction on the CTAB modified acetylene black electrode is 0.38. Additionally, the scan rate has a good linear relationship with the peak potential (Ep), Ep = -0.0378 ln v -0.5975 (R 2 = 0.9945).
The slope of -0.0378 also indicates a transfer coefficient of α = 0.34 in the rate-limiting step. 22 This result is close to that obtained by a Tafel plot.
Conclusion
An acetylene black electrode modified by an adsorbed cationic surfactant CTAB was developed. The influences of various surfactants on the reduction of O2 were investigated. It was demonstrated that a cationic surfactant CTAB on the surface of the electrode could significantly decrease the overpotential of O2 reduction; the reduction peak current of O2 was also remarkably increased. These may be attributed to the high ratio surface of the modified electrode and "φ2 effects". The total number of electrons, the exchange current density ( j o ) and the transfer coefficient (α) for the reduction of O2 at the surface of this modified electrode were determined. Additionally, a surfactant-modified electrode has many advantages, including less cost, easy fabrication, high stability and sensitivity. It could have potential applications in electroanalysis and electrochemical fields.
